Signal sequence non-optimal codons have been shown to be important for the folding and efficient export of maltose binding protein (MBP), a SecB dependent protein. In this study, we analysed the importance of signal sequence non-optimal codons of TolB, a signal recognition particle (SRP) dependent exported protein. The protein production levels of wild type TolB (TolB-wt) and a mutant allele of TolB in which all signal sequence non-optimal codons were changed to a synonymous optimal codon (TolB-opt), revealed that TolB-opt production was 12-fold lower than TolB-wt. This difference could not be explained by changes in mRNA levels, or plasmid copy number, which was the same in both strains. A directed evolution genetic screen was used to select for mutants in the TolB-opt signal sequence that resulted in higher levels of TolB production. Analysis of the 46 independent TolB mutants that reverted to wild type levels of expression revealed that at least four signal sequence non-optimal codons were required. These results suggest that non-optimal codons may be required for the folding and efficient export of all proteins exported via the Sec system, regardless of whether they are dependent on SecB or SRP for delivery to the inner membrane.
Introduction
Proteins targeted for translocation across the inner membrane via the general secretory pathway (Sec) contain an N-terminal signal peptide. This signal peptide has an average length of 30 amino acids, and is usually cleaved upon translocation to the periplasm by signal peptidase I [1] . The signal peptide is divided into three regions, a positively charged N-terminal region, hydrophobic core and C-terminal cleavage sequence [2] . Prior to translocation to the periplasm, the signal peptide can interact with the mature protein and modulate the folding dynamics in the cytoplasm [3] [4] [5] .
Proteins exported via the Sec system are typically targeted to the inner-membrane via two alternate pathways. One is SecB, a cytosolic chaperone that directs the preprotein to SecA in the inner membrane. The other is signal recognition particle (SRP) that preferentially binds more hydrophobic signal peptides [6] and directs them to FtsY in the inner membrane.
Non-optimal codons are defined by their low usage in the genome, and a correspondingly low level of their isoacceptor tRNA [7, 8] . The translation rate at these codons is slower than at the synonymous optimal codon as measured in Escherichia coli [9, 10] . In addition, codons with inefficient codon-anticodon interactions have a slower translation rate compared to efficient interactions and can be classified as non optimal, independent of their relative frequency [11] .
In a previous study, we reported that signal sequences of secreted proteins in E. coli have a significantly higher frequency of non-optimal codons than both the N-terminus of nonsecreted proteins, and the average frequency for all coding sequences [12] . This same phenomenon has been observed in the Gram-positive bacterium Streptomyces coelicolor [13] . Further studies demonstrated that for maltose binding protein (MBP) [14] and βlactamase [15] , two proteins used as model systems to study protein export, changing nonoptimal to optimal codons in the signal sequence lowered expression compared to the wildtype signal sequence. Production of MBP was recovered when expressed in strains deficient in multiple cytoplasmic or periplasmic proteases [14] . We hypothesised that increasing the translation rate across the signal peptide resulting from changing to all optimal codons results in a misfolded conformation of the protein, which is subsequently degraded by proteases. Biochemical analysis on the purified MBP that contained the optimised signal sequence compared to the wild-type MBP showed distinct tryptic and thermodynamic profiles, indicating that their tertiary structure was different [16] . Both MBP and βlactamase are post-translationally exported, with MBP dependent on SecB for delivery to the inner membrane [17] , whilst β-lactamase is exported post-translationally [18] in a SecB and SRP independent manner [19] . However no studies have been done to determine whether optimising the codon usage in the signal sequence would affect the export of a completely SRP-dependent protein. In this study, we examine whether TolB, an SRP-dependent exported protein [6, 20, 21] requires non-optimal codons for efficient export and expression.
Materials and methods

Strains and growth conditions
All molecular cloning work was carried out in E. coli Top-10 (Invitrogen, C404003). The other strains used in this study are listed in Table 1 . E. coli was grown in water baths with shaking (200 rpm) at the following temperatures: 37 °C, 30 °C or 21 °C for room temperature experiments. Strains were grown in Luria-Bertani broth containing the appropriate antibiotic at the following concentrations: kanamycin (50 μg/ml), chloramphenicol (20 μg/ml). Strain CAG59101 was also grown with 0.2% L-arabinose. The protease mutant strains were generously donated from Carol Gross laboratory.
Cloning of tolB into pGBS19
Primers were designed to amplify tolB from strain MG1655 (CGSC# 6300) with the forward primer containing an EcoRI site and the reverse primer a PstI site ( Table 2 ). The forward primer for the TolB-opt construct included all the non-optimal to optimal codon changes ( Fig. 1A) . The PCR produced was amplified using Phusion Taq (Finnzyme), digested with EcoRI and PstI and cloned into the vector pGBS19 [22] digested with the same enzymes. The ligated product was transformed into E. coli DH5α and putative transformants that had the entire tolB gene were sequenced (Agencourt Sequencing Facility), to confirm that only the desired non-optimal to optimal codon changes were incorporated.
Expression analysis of TolB-wt and TolB-opt
Single colonies from the appropriate strain were grown overnight in LB-kanamycin (50 μg/ ml) at 37 °C and then diluted 1:100 into fresh LB-kanamycin. These cultures were grown until mid-log phase and then tolB expression was induced with 0.3 mM IPTG for 1 h. Cells were then pelleted for either Western, RNA and DNA analysis. The DNA analysis was done by extracting the plasmid DNA by miniprep, digesting with EcoRI and PstI and then running on a 1% agarose gel. The volume of DNA used in the digest was proportional to the A 600 reading of the cells spun down prior for the miniprep.
Western analysis of TolB production
Whole cell lysates were boiled in 1× sample buffer and run on a 10% SDS-PAGE gel. Protein samples were normalised for cell number, with approximately 1×10 8 cells run per sample. The membrane was incubated with anti-TolB, generously donated by Dr Benedetti [23] , at 1:10,000 dilution overnight and developed using anti-rabbit IgG antibody (Bio-Rad, 170-6518) at 1:10,000 dilution conjugated with alkaline phosphatase.
Selecting for higher sodium cholate resistant clones
Using the same cloning strategy as above, a forward primer (TolB_deg, Table 2 ) was designed such that all combinations of non-optimal or optimal codons were possible in the final product. This PCR product was cloned into pGBS19 using the same strategy as described above. After transforming into E. coli DH5α via heat-shock for 45 s at 42 °C, they were grown overnight in LB-kanamycin (50 μg/ml) and the plasmid extracted via midiprep (Qiagen). This step was repeated four times and the plasmid pooled for transformation via electroporation into strain A593. To select for higher sodium cholate resistant colonies, 100 ng of TolB_deg, TolB-wt, TolB-opt and the empty vector pGBS19 were transformed via electroporation into TolB deficient strain A593. After grow-out phase of 30 min, the transformants were selected on plates supplemented with kanamycin (50 μg/ml), IPTG (0.1 mM) and sodium cholate (1.5 mg/ml). Another selection experiment was done with plates supplemented with 2 mg/ml sodium cholate. Colonies from TolB_deg transformation were mini-prepped and sequenced, and TolB production and MIC measured as described above.
RNA analysis by SQ-RTPCR
RNA was extracted from the cultures using RNA Mini-Kit (Qiagen) following the manufacturer's instructions. 1 μg of RNA was converted to cDNA using random hexamers and reverse transcriptase (Applied Biosytems). The cDNA served as the template for PCR reactions with primers specific for the 16S rRNA and the tolB transcript ( Table 2) and was visualised by electrophoresis on a 1.8% agarose gel.
MIC of SDS and sodium cholate
The minimum inhibitory concentration (MIC) of strain A593 to SDS and sodium cholate was tested using 2-fold agar dilution method [24] . Briefly, the E. coli cultures were grown at either 37 °C or room temperature (21 °C) until mid-log phase and then induced with 0.3 mMIPTG for 1 h. After measuring the OD 600 , the cells were diluted to a concentration of 10 4 cells/μl. Then a 5 μl drop of cells was added to plates of various SDS or sodium cholate concentrations, which also contained 0.1 mM IPTG to maintain TolB production. The plates were incubated overnight at 37 °C.
Statistical analysis of codon distribution in the signal sequence
All possible combination of non-optimal codons in the signal sequence that could be generated from the degenerate primer were calculated and then categorised by the total number of non-optimal codons. This generated the following numbers of sequences with the respective numbers of non-optimal codons: 0 -8, 1 -248, 2 -1608, 3 -5656, 4 -11,720, 5 -14,568, 6 -10,584, 7 -4104, and 8 -648. The numbers were calculated using probability distribution, given the respective probabilities at each position that a nonoptimal codon could occur. The classification of codons as optimal or non-optimal was based on a study by Burns and Beacham [25] .
Results
Construction of tolB signal sequence mutants
TolB is an SRP dependent protein that is exported into the periplasm via the SecYEG translocon [6, 20, 21] . The wild-type TolB signal sequence contains 21 codons. In the eight codons where a choice exists between non-optimal and optimal codons within the synonymous codon family, five are non-optimal and three are optimal as defined by Burns and Beacham [25] (Fig. 1A ). This high frequency of non-optimal codon usage in the TolB signal sequence is typical of that previously reported for E. coli exported proteins [12] .
To determine whether these non-optimal codons were required for efficient secretion in this SRP-dependent protein, we mutated each non-optimal codon to an optimal codon in the same synonymous codon family. The optimal codons correspond to optimal codons as defined by both the codon adaptation index (CAI) [26] and the relative synonymous codon usage (RSCU) [27] . To generate the codon changes in the tolB signal sequence, a primer was designed such that the five non-optimal codons were changed to their cognate optimal codon. The tolB gene was amplified from the E. coli strain MG1655 and cloned into the expression vector pGBS19, to create pTolB-opt (see Materials and methods). This generated a construct where the signal sequence contained eight optimal codons (TolB-opt), compared to three optimal codons in the wild-type sequence (pTolB-wt) ( Fig. 1 ).
Expression of TolB-opt is 12-fold lower than TolB-wt
To determine whether the codon changes altered the levels of TolB protein, the plasmids pTolB-wt and pTolB-opt and the empty vector (pGBS19) were transformed into the tolB deficient strain A593. This allowed analysis of protein expression by Western blot, in the absence of endogenous TolB. All three strains were grown until cells were in the mid-log phase of growth (OD 600 ~0.5), whereupon TolB production was induced with 0.3 mM IPTG for 1 h at 37 °C. Western analysis of whole cell lysates revealed that the amount of TolB-opt produced was less than TolB-wt ( Fig. 2A) . This difference was approximately 12-fold, as measured by diluting the TolB-wt sample until equal intensity was observed with TolB-opt via Western analysis (data not shown). The reduction in TolB-opt production relative to TolB-wt was observed every time the expression analysis was done. The difference in the production of TolB-wt compared to TolB-opt could neither be explained by changes in plasmid copy number or RNA transcript levels, which were equivalent (Fig. 2C,D) . The amount of unprocessed precursor (pre-TolB) was negligible for both constructs ( Fig. 2A) , indicating that vast majority of the TolB present in the whole cell lysates is exported to the periplasm. As the mRNA levels were equivalent, the 12-fold difference in TolB production could be due to degradation of misfolded TolB-opt by proteases either prior to or after translocation to the periplasm.
Production of TolB-opt equivalent to TolB-wt in an rpoH deficient strain
To determine whether TolB-opt production is lower due to post-translational degradation, pTolB-wt and pTolB-opt were transformed into various protease deficient strains. Production of TolB-opt partially recovered to TolB-wt levels in lon protease mutant (CAG53101) and in a lon, ClpXP double mutant (CAG53117) (Fig. 3A) . This indicated that the lower production of TolB-opt could be due to post-translational degradation by heat-shock proteases. Interestingly, TolB production in a triple protease mutant (lon, ClpXP, HslVU) did not increase production of TolB-opt any more than in a single mutant (Fig. 3A) , indicating that other proteases outside of the heat-shock operon could be responsible for degradation of TolB-opt.
Another strategy to increase production of post-translationally degraded proteins is to use a strain deficient in the heat-shock sigma factor RpoH. This sigma factor regulates numerous cytoplasmic proteases (HslVU, lon, ClpXP) and chaperones (GroES/L) that are important degrading misfolded proteins [28, 29] . Using strain CAG59101 (MG1655 rpoH) and growing it at 30 °C, the production of TolB-opt was equivalent to TolB-wt ( Fig. 3B ). Growth at 30 °C did not affect the relative levels of TolB-wt and TolB-opt as observed at 37°C in strain MG1655 (Fig. 3B ), indicating that temperature doesn't influence the levels of TolB-opt expression relative to TolB-wt. Hence, the equivalent expression of TolB-wt and TolB-opt in the rpoH deficient strain is most likely due to the loss of rpoH and the subsequent lower levels of cytoplasmic proteases in this strain.
Present in strain CAG59101 is a plasmid containing the molecular chaperone GroES/L under the control of an L-arabinose promoter. All cultures with this strain contained 0.2% Larabinose otherwise the strain is not viable. Whilst we cannot rule out the possibility that overexpression of GroEL/S is responsible for the equivalent production of TolB-opt observed in this strain (Fig. 3B) , that still provides evidence that the original difference in production is a result of degradation of TolB-opt prior to translocation to the periplasm, not changes in plasmid copy number, mRNA half-life or relative translation initiation efficiency.
pTolB-wt and pTolB-opt complement the tolB deficient strain A593
TolB is important in maintaining membrane integrity to prevent the leaking of the periplasmic contents into the extracellular milieu once exposed to various detergents. Studies have shown that a functional TolB is important for survival on agar plates containing sodium dodecyl sulphate (SDS) or sodium cholate [30] . Comparing the MIC of strain A593 (tolB) to its parent strain C600 revealed that it was less resistant to both SDS and sodium cholate ( Table 3 ). Whilst pTolB-wt was able to complement A593 back to wildtype levels observed in the parent strain C600, pTolB-opt was not able to complement back to the same level of resistance (Table 3) . This difference in MIC can be explained by the different expression levels of TolB in A593.
Increased TolB production requires non-optimal codons in signal sequence
A directed evolution experiment was designed to select for changes in codons usage that would result in increased resistance to sodium cholate. A degenerate primer was designed such that all possible combinations of non-optimal and optimal codons were possible at each codon position in the tolB signal sequence where a choice exists. For the six member codon families, which are leucine and serine, CGN and TCN were used respectively as this still allows a choice between optimal and non-optimal codons. This generates 49,152 unique codon combinations at the eight positions in the tolB signal sequence where a choice exists between and optimal or non-optimal codon. Using this degenerate primer, the tolB gene was cloned into the vector pGBS19 (see Materials and methods), and the DNA from the transformants (pTolB-deg) was pooled and 100 ng used for transformation into the tolB deficient strain A593. As controls, 100 ng of the pTolB-wt, pTolB-opt and empty vector pGBS19 were also transformed into strain A593. To select for codon combinations that led to increased resistance to sodium cholate, all tranformants were selected on plates containing sodium cholate at either 1.5 or 2 mg/ml. For each transformation, there were no colonies for pTolB-opt and the empty vector (pGBS19) at these concentrations, indicating that any colonies derived from the TolB-deg transformation would have higher resistance to sodium cholate than TolB-opt. From each TolB-deg transformation, thirty colonies were sequenced and tested for their MIC to sodium cholate and TolB production. Of the 30 TolB-deg clones examined per transformation, there were 13 unique combinations from the selection on 1.5 mg/ml sodium cholate, and 15 from selection on 2 mg/ml sodium cholate. In each case, the signal sequence contained four or more non-optimal codons (Fig. 4) . For each TolB-deg clone, the MIC was >4-fold the MIC of pTolB-opt and equivalent to the MIC for pTolB-wt. TolB production was observed to be higher in each revertant than for pTolB-opt as seen by relative band intensity on a Western blot (Fig. 4) .
The likelihood of obtaining no signal sequences that contained three or less non-optimal codons was calculated using probability statistics (see Materials and methods). This was achieved by first calculating the total number of unique signal sequences that contained zero to eight non-optimal codons (listed in Materials and methods). From these numbers, the probability that a signal sequence contains three or less non-optimal codons is simply the sum of the number of combinations of signal sequences that have zero, one, two or three non-optimal codons (7528) divided by the total number of combinations (49,152). This gives approximately 15% chance that any signal sequence should contain three or less nonoptimal codons. Using this value as the probability of success, the chances that no signal sequence out of 28 sampled contained three or less non-optimal codons are 0.0095. This provides statistical evidence that increased TolB production requires a higher than expected number of non-optimal codons in the signal sequence.
Discussion
In this study, the non-optimal codons in the signal sequence of an SRP exported protein TolB were changed to the most optimal codon from their respective synonymous codon family. The amino acid sequence of the protein was not altered. This resulted in a 12-fold difference in TolB-opt production compared to TolB-wt. This difference was completely recovered by expressing TolB-opt in an rpoH deficient strain, indicating that protein misfolding and degradation prior to secretion is the likely mechanism for the 12-fold reduction. Our previous work confirmed a key role for nonoptimal codons in expression and secretion in a SecB-dependent and independent model, for MBP and β-lactamase respectively [14, 15] . The current study investigates a different aspect of export via the Sec system, as it is the first to address this question with a SRP dependent exported protein. The fact that the results mirror those previously observed with a SecB dependent protein, MBP [14] , strongly suggests that non-optimal codons are required for all exported proteins. The differences between the SecB and SRP-dependent export pathways do provide some insight into the role of non-optimal codons in export.
The majority of exported proteins can take two routes to the SecYEG translocon. One is via the molecular chaperone SecB, which transports proteins post-translationally to the inner membrane protein SecA [31] . The other route, often termed co-translational export, is where SRP binds to the signal peptide as it emerges from the ribosomal tunnel, and delivers the whole complex to the FtsY receptor in the inner membrane [31] .
The discrimination between the two pathways occurs after the signal peptide emerges from the ribosomal tunnel. Present over the exit tunnel are two chaperones, SRP and Trigger Factor (TF), which share binding sites on the L23 protein [32, 33] . If the signal peptide as it emerges from the ribosome tunnel is bound by TF, it is destined for post-translational export by SecB [34] . However, if SRP binds the emerging signal peptide, then it is exported cotranslationally. The distinction between the two pathways is based on the relative hydrophobicity of the signal peptide, with more hydrophobic signal peptides exported via the SRP route [6, 35, 36] .
If optimising the codon usage in the signal sequence causes no change in the signal peptide folding conformation as it emerges from the ribosomal tunnel (the amino acid sequence is unchanged), then SRP should still recognise the signal peptide and deliver it to the inner membrane for export to the periplasm. There would be no reason for a difference in TolB production between TolB-wt and TolB-opt. The fact that there is a significant difference in TolB production ( Fig. 2A) , which is alleviated when expressed in an rpoH mutant (Fig. 3B ), strongly suggests that there is a folding conformation difference between TolB-wt and TolBopt. This is backed up by the partial recovery of TolB-opt in protease deficient strains (Fig.  3A) . The only difference between the two proteins is that five non-optimal codons are changed to optimal codons in the signal sequence. After codon 17, there is no difference between the two proteins, and the amino acid sequence is the same. The ribosome tunnel is approximately 100 Å long by 10 to 20 Å in diameter [37] . This space is large enough to encompass 45 amino acid long structures [37] . There is evidence that nascent proteins can form secondary structures within the ribosome tunnel. For eukaryotic secreted proteins, evidence of an α-helical signal peptide has been observed in the ribosome tunnel [38] , and compaction of β-sheet has been observed in prokaryotic ribosome tunnels [39] . The rate of exit from the ribosome tunnel would be the same for both TolB-wt and TolB-opt, however the time the signal peptide is within the ribosome tunnel would be less for TolB-opt than TolB-wt. The faster translation of these early codons could alter the folding of the nascent peptide in the ribosome tunnel. If a certain amount of time is required to allow stabilisation of the α-helix within the ribosome tunnel, then the faster translation rate due to optimal codons could alter the folding of the signal peptide. The results of the selection experiment indicate that this could be the case, as only signal sequences with four or more non-optimal codons were associated with increased TolB expression resulting in increased resistance to sodium cholate. This suggests that pausing at the start of translation is important in TolB production. Recent studies that investigated the binding of SRP to synthetic signal peptides and the mapping of the signal peptide within the ribosome tunnel suggested that the signal peptide does form an α-helix in its contact with SRP [40, 41] . Hence, upon exiting the tunnel, if the signal peptide folds in such a way that it is either not recognised or that SRP has a lower affinity for the signal peptide, then it would not be delivered to the inner membrane for export. As accumulation of hydrophobic proteins in the cytoplasm is often toxic for cells [42] , these products would likely then be degraded by cytoplasmic proteases. An accumulation of misfolded TolB-opt may explain why in an rpoH mutant, where the level of cytoplasmic proteases is lower, the expression of TolB-opt and TolB-wt is equivalent.
The selection experiment demonstrated that having at least four non-optimal codons in the signal sequence led to higher production of TolB. There did not seem to be any increased effect with numbers higher (>5), as they all appeared to have similar production levels and the same MIC (Fig. 4 ). Whilst we cannot rule out favourable RNA secondary structures allowing more efficient translation initiation, it is unlikely that this is the reason for increased TolB production in all revertants. The most likely explanation is that pausing of the ribosome at the non-optimal codons in the signal sequence is required for either the recruitment of secretion machinery (SRP, SecB) that aids the folding of the pre-secretory protein, or the pausing itself is required for signal peptide folding. The observation that the distribution of non-optimal codons in the revertants is non-random, combined with prior bioinformatic analysis [12] , the results of previous studies with MBP [14, 16] and βlactamase [15] , strongly suggests that signal sequence non-optimal codons are required for efficient production and folding of secretory proteins. who is the recipient of a Senior Research Career Scientist Award from the Department of Veterans Affairs. Yaramah Zalucki is the recipient of a CJ Martin Biomedical Fellowship.
Fig. 1.
A. The codon changes in the tolB signal sequence. Single underlined codons are optimal whilst double underlined codons are non-optimal. B. Schematic showing the cloning of the signal sequence changes into the vector pGBS19. Representative experiments showing protein production, plasmid copy number and RNA levels from strain A593 after being induced with 0.3 mM IPTG for 1 h at 37 °C. A. Western blot showing the production of TolB in strain A593. Underneath (B) is the protein loadings in a coomassie stained 10% SDS-PAGE gel. C. Digest of plasmid preps with EcoRI and PstI run on a 0.8% agarose gel. D. Semi-quantitative RT-PCR on RNA extracted from various strains post-induction with IPTG run on a 1.8% agarose gel. The first three lanes are PCR performed with 16S primers, whilst the next three lanes are with primers specific for tolB transcript generated from the plasmid pGBS19. M -Kaleidescope prestained protein marker (A, B) (Biorad, 161-0324), 1 kb ladder (C, D) (Invitrogen, 15615-016), p -empty vector (pGBS19), w -pTolB-wt, o -pTolB-opt. A. Western blot showing production of TolB in both the wild-type strain (MG1655) and protease mutant strains (lon; lon, clpXP; lon, clpXP, hslVU) Strains were grown at 37 °C and samples were run on a 4-12% SDS-PAGE gel. B. Western blot showing production of TolB in both the wild-type (MG1655) and the rpoH deficient strain (CAG59101) run on a 10% SDS-PAGE gel. Both strains were grown at 30 °C. M -Kaleidescope prestained protein marker (Biorad, 161-0324), p -empty vector (pGBS19), w -TolB-wt, o -TolBopt.
Fig. 4.
Signal sequences obtained by selection for increased resistance to sodium cholate. Listed in panels A and B are sequences obtained from selection on sodium cholate 1.5 mg/ml whilst panels C and D list sequences obtained from selection on sodium cholate 2 mg/ml. At the end of the sequences is a Western blot showing TolB production levels relative to pTolB-opt (first lane of each Western blot) run on a 10% SDS-PAGE gel. Listed at the far right hand side is the number of non-optimal codons in the signal sequence. All clones with revertant signal sequences had a 4-fold higher MIC to sodium cholate than TolB-opt in strain A593. The codons where a choice existed are indicated by black bars above the 'opt' sequence. Table 2 Primers used in this study.
Primer name Sequence
TolB-wt TCAGCTGCAGGTCCAGATAAGGGAGATATGATGAAGCAGG MIC of the parent strain (C600), tolB mutant strain (A593) and A593 complemented with TolB-wt, TolB-opt to SDS and sodium cholate.
Strain SDS a Sodium cholate C600 pGBS19 >20 8 A593 pGBS19 2.5 1 A593 pTolB-wt >20 8
A593 pTolB-opt 10 2
a The concentrations are given in mg/ml.
